Results and Discussion
Tof2 Directly Binds to Cdc14 and Stimulates Its Phosphatase Activity Budding yeast Net1 and Tof2 are related proteins located in the nucleolus [12] . Net1 directly binds to Cdc14 phosphatase via an N-terminal domain (amino acids 1-341) [9] . To determine whether the corresponding domain of Tof2 mediates association with Cdc14 in vivo, we constructed a series of strains expressing derivatives of Tof2 truncated at the N terminus or C terminus and determined their interaction with Cdc14 by coimmunoprecipitation. These experiments showed that the N-terminal domain of Tof2 (aa 1-341) is necessary and sufficient for Cdc14 binding in vivo ( Figure S1 available online). Additional sequences were required for localization of Tof2 to the nucleolus ( Figure S2 ).
To define in greater detail the association between Tof2 and Cdc14, we affinity purified proteins expressed in E. coli to analyze Cdc14 protein interaction and phosphatase activity ( Figure 1 ). To this end, we coexpressed a maltose-binding protein (mbp) fusion of Cdc14 ( mbp Cdc14) with the his6-fused Nterminal domains of either Net1 or Tof2 ( his6 Net1 1-341 and his6 Tof2 1-341). mbp Cdc14 was then purified from bacterial cell lysates with amylose resin. Western analysis showed that both his6 Net1 1-341 and his6 Tof2 1-341 copurified with mbp Cdc14 ( Figure 1A ). This association was specific because Net1 and Tof2 were not recovered from strains that did not express mbp Cdc14 ( Figure 1A) . Thus, the N-terminal domain of Tof2 can bind to Cdc14 in the absence of other yeast proteins.
We next looked at the phosphatase activity of purified mbp Cdc14 by using a chromogenic substrate [13] . In this experiment, mbp fusions of the N-terminal domains of Net1 and Tof2 ( mbp Net1 1-341, mbp Tof2 1-341) were used for their better yields as compared to the his6 fusions. Adding increasing amounts of mbp Net1 1-341 caused a steady decrease of Cdc14 phosphatase activity ( Figure 1B ), consistent with published data [9] . Surprisingly, however, mbp Tof2 1-341 did not inhibit but caused an increase of Cdc14 in vitro phosphatase activity ( Figure 1B ). We repeated this experiment and also looked at full-length Tof2. Similar to the N-terminal domain, full-length Tof2 did not inhibit but stimulated Cdc14 phosphatase activity in vitro ( Figure S3A ). This indicates that despite their sequence similarity, Net1 and Tof2 may have opposite effects on Cdc14 enzyme activity.
We also examined Cdc14 phosphatase activity in the presence of both proteins. Irrespective of the order in which mbp Net1 1-341 or mbp Tof2 1-341 were added, Cdc14 activity was inhibited ( Figure S3B ), suggesting that Net1 might bind with higher affinity than Tof2. Together, these data raise the interesting possibility that direct binding to Tof2 will allow a fraction of Cdc14 to be active inside the nucleolus. This might be relevant in vivo, particularly under conditions in which the tight binding of Net1 to Cdc14 is suspended [14] .
Tof2 Supports the Biological Function of Cdc14
The observed in vitro differences prompted us to compare in vivo properties of Net1 and Tof2. Similar to Net1, Tof2 localized to the nucleolus and remained nucleolar during anaphase ( Figure 2A ). This is seen in undisturbed cells as well as in cells arrested in anaphase because of overexpression of a stabilized version of the mitotic cyclin Clb2. There, Cdc14 is released and spreads over the nucleus. Tof2, however, showed the typical crescent-shaped nucleolar localization (Figure 2A ).
Net1 was originally identified through the ability of the deletion mutant to suppress the temperature sensitivity and telophase arrest of a cdc15-2 mutant strain that fails to properly activate Cdc14 [7] . Therefore, we checked whether a deletion of TOF2 will also alleviate the temperature sensitivity of cdc15-2 cells. This was, however, not the case. cdc15-2 tof2-D double mutants behaved like cdc15-2 single mutants and failed to grow at the elevated temperatures of 34 C or 37 C, whereas cdc15-2 net1-D double mutants formed colonies at both temperatures ( Figure S4A ). This finding suggests that Tof2 does not act as an inhibitor of Cdc14 in vivo.
High levels of Net1 are known to interfere with Cdc14 function so that cells become inviable and permanently arrested in telophase [8] . To look at effects of Tof2 under comparable conditions, we placed the coding regions of Net1 m9 and Tof2 m13 under control of a galactose-inducible promoter (pGAL1), and the resulting constructs were integrated at a marker-gene locus in the yeast genome. Consistent with published results, cells overexpressing Net1 were unable to form colonies on plates ( Figure S4C ). Flow cytometry and fluorescence microscopy showed that these cells arrested with replicated DNA and separated DNA masses ( Figure 2B ). Cells overexpressing Tof2, however, were unaffected in their ability to form colonies and progression through mitosis ( Figures S4B-S4D ). Among many pGAL1-TOF2 m13 transformants, we recovered a strain expressing extraordinarily high levels of Tof2. Growth of this strain was compromised, as indicated by the formation of small colonies ( Figure S4C ), but nevertheless, telophase cells did not accumulate ( Figure 2B and Figure S4D ). These data indicate that, even at high levels, Tof2 is unable to produce phenotypes associated with the inhibition of Cdc14 in vivo.
To determine whether Tof2 can activate Cdc14 in vivo, we again assayed growth of the cdc15-2 mutant strain. We found that Tof2 overexpressed to high levels partially suppressed temperature sensitivity of the cdc15-2 strain and allowed mutant cells to grow on plates at 34 C ( Figure 2C ). This suggests that Tof2 can activate Cdc14 in vivo. To further characterize this effect, we determined the subcellular localization of Tof2 and Cdc14 under these conditions ( Figure S4E ). Overexpressed Tof2 was no longer restricted to the nucleolus but distributed over the nucleus. Likewise, Cdc14 was delocalized in these cells. This helps to explain how Tof2, a protein restricted to the nucleolus at physiological expression levels, can provide Cdc14 activity in the nucleus when overexpressed. Nuclear Cdc14 activity is presumed to be required for cdc15-2 suppression [7] .
To further define the Tof2-Cdc14 linkage, we analyzed the consequences of combining mutations of both genes. To this end, we crossed a strain carrying the temperature-sensitive cdc14-3 mutation with a tof2-deletion strain and analyzed meiotic progeny by tetrade dissection. At 25 C, both cdc14-3 and tof2-D single-mutant strains grew at wild-type rates and were recovered in the experiment at the expected frequencies. However, none of 16 expected cdc14-3 tof2-D double mutants was capable of forming a visible colony ( Figure 2D ), indicating that the combined mutations are incompatible with cell viability. The observed synthetic lethality suggests that Tof2 acts to support the biological function of Cdc14 phosphatase.
Tof2 Supports Segregation of the Nucleolus during Mitosis
The repetitive rDNA array of the nucleolus is a specialized subchromosomal region whose separation in mitosis differs from that of the majority of the genome in several respects, including a requirement for Cdc14 phosphatase for resolving and compacting sister chromatids of this locus [15, 16] . To determine whether Tof2 participates in rDNA segregation, we observed the structure of the nucleolus during mitosis in a tof2-deletion mutant by immunofluorescence microscopy. To this end, we used Net1 as an established nucleolar marker protein that binds to rDNA and remains stably associated in mitosis [5, 11, [17] [18] [19] . Staining cells of growing cultures revealed similar crescent-shaped structures in wild-type and tof2-deletion cells in cell-cycle stages outside mitosis ( Figure 3 , lanes 1 and 2). This indicates that the overall integrity of the nucleolus is preserved in the absence of Tof2. Moreover, in cells of early anaphase (defined by chromosomes separated by less than 50% of the maximum distance), similar signals of an undivided nucleolus, often stretched symmetrically between the separating DNA masses, were seen in both cases (Figure 3 , lanes 3 and 4, class A). Such a finding is consistent with the previously reported delay of nucleolar versus chromosomal DNA separation [5] . Later during anaphase and telophase, however, structures of the nucleolus differed between wild-type and tof2-D cells. In the majority of wild-type cells, the nucleolus was fully resolved and compacted, as indicated by the crescent-shaped signals associated with the separated chromosomes ( Figure 3 , lane7, class D). In contrast, in most of the tof2-D mutant cells, the nucleolus was undivided and localized asymmetrically between the separated chromosomes ( Figure 3, lane 5, class B) . From the analysis of approximately 500 cells, we estimated the timing of nucleolar segregation. It took approximately 25 min on average from the onset of anaphase to the appearance of two fully separate and compact nucleolus structures in wildtype cells, but more than 50 min in tof2-D cells. These results provide evidence that segregation of the nucleolus in mitosis is significantly delayed in the absence of Tof2.
To substantiate this result, we analyzed separation of the nucleolus in synchronized cells. For this end, wild-type and tof2-D cells were first arrested in metaphase and then released into anaphase by reversible depletion of Cdc20 [20] . Samples were taken at short intervals and analyzed for DNA content by flow cytometry, as well as for separation of chromosomes and the nucleolus by fluorescence microscopy ( Figure S5 ). Nuclear division and cytokinesis proceeded with wild-type kinetics in tof2-D cells, as indicated by the timely separation of the DAPI-stained DNA masses and the appearance of cells with 1C DNA content, respectively. Separation of the nucleolus, however, was again impaired in tof2-D cells because separated and compacted Net1 m9 signals appeared at a slower rate in the mutant. Instead, cells with separated DNA masses but unresolved Net1 m9 signals that distributed over the area of the nucleus persisted in the tof2-D mutant. This confirms that timely segregation of the nucleolus requires Tof2.
Tof2 Supports Relocalization of Condensin to the Nucleolus
To further define the role of Tof2 in separation of the nucleolus, we determined the localization of condensin in tof2-D mutants. The heteropentameric condensin complex promotes condensation and separation of chromosomes in mitosis [21] . In yeast, condensin is required for rDNA segregation and moves from the bulk of chromosomes to the nucleolus in anaphase [22] [23] [24] . Targeting of condensin to the nucleolus depends on Cdc14 activity [3, 6] . To localize condensin, we used fluorescence microscopy to analyze cells coexpressing epitopetagged versions of the condensin subunit Smc4 (Smc4 m13 ) and the nucleolar marker protein Net1 (Net1 h3 ) (Figure 4 ). In the majority of wild-type cells, Smc4 m13 colocalized with Net1 h3 during anaphase. In a considerable fraction of tof2-D cells, however, the Smc4 m13 signal was not restricted to the nucleolus but spread throughout the nucleus. This was most clearly seen in late-mitotic tof2-D cells with resolved nucleolar structures. These data indicate that Tof2 is needed for the efficient association of condensin with the nucleolus in anaphase.
Tof2 Cooperates with Cdc14 for rDNA Segregation
Cdc14 is needed for multiple events of mitosis, including rDNA segregation and mitotic exit, and its biological function is controlled by confinement to the nucleolus. In the absence of Tof2, rDNA segregation was impaired (Figure 3 ), but there was no obvious effect on Cdc14 localization to the nucleolus and its release during anaphase ( Figure S6A) . Moreover, in a cell-synchrony experiment, levels of the mitotic cyclin Clb2 dropped, and the Cdk-inhibitor Sic1 appeared on schedule in a tof2-D mutant ( Figure S6B ). This was also true for the appearance of cells containing 1C DNA content as determined by flow cytometry (Figure S6B ), indicating that mitotic exit and cytokinesis occurred with normal kinetics in the tof2-D mutant. Mitotic-index analysis of growing cells pointed to a minor delay of telophase or cytokinesis because the fraction of cells with #2: W6599) and empty vector (control: W5620) were integrated at the LEU2 locus. Western-blot analysis indicated that the #2 strain (W6599) produced higher levels of Tof2 than the #1 strain (W6598). This is most probably due to the integration of multiple copies of the expression construct. A haploid strain carrying a deletion of TOF2 (tof2-D: W4971) was crossed with a haploid strain carrying a temperature-sensitive allele of CDC14 (cdc14-3: CY682). The resulting heterozygous diploid strain was sporulated, and meiotic progeny was analyzed by tetrade dissection. Colony formation was scored on glucose-media plates incubated at 25 C for 3 days. Among 16 tetrades analyzed, no tof2-D cdc14-3 double-mutant segregants were observed. Wild-type (WT), tof2-D (t), cdc14-3 (c), and tof2-D cdc14-3 (d) are shown. Tetrade 1 is a parental ditype, tetrade 2 and 4 are tetratypes, and tetrade 3 is a nonparental ditype. (E) Inviability of the tof2-D cdc14-3 double mutant (t-D 14) suppressed by deletion of the chromosomal rDNA array (rdn-DD). All strains carried a chromosomal rDNA deletion and a plasmid-borne rDNA copy (rdn-DD pNOY373: 2m, rDNA [25] ). Growth of strains (WT: W7092; cdc14-3: W7093; tof2-D: W7094; and cdc14-3 tof2-D: W7095) was compared by spotting cells in serial 10-fold dilutions on solid glucose media. Plates were incubated for 3 days at 25 C.
separated nuclei was slightly increased in the absence of Tof2 ( Figure S6C ). These observations suggest that Tof2 may support Cdc14 specifically in promoting rDNA segregation. To address this idea, we determined whether a deletion of the chromosomal rDNA array (RDN1) will suppress lethality of the cdc14-3 tof2-D double mutant. A rdn1-D strain kept alive by a plasmid-borne rDNA copy [25] was used to construct a suitable heterozygote diploid strain. After sporulation and tetrade dissection, cdc14-3 tof2-D rdn1-D haploid progeny was recovered at the expected frequency. These strains grew at rates comparable to those of other rdn1-D strains ( Figure 2E ), indicating that defects in the segregation of the chromosomal rDNA locus account for the observed cell inviability. This finding substantiates a model in which Tof2 activates Cdc14 specifically to promote rDNA segregation.
Conclusions
The nucleolus is the site of ribosomal RNA transcription and assembly of ribosomal subunits. This subnuclear compartment forms around an array of repeated rDNA genes. In yeast, 100-200 rDNA gene copies are located on the right arm of chromosome XII, and a fraction of these genes is highly transcribed. Physical length and active transcription may underlie the specialized mechanisms required for segregating the rDNA locus and the associated nucleolus during mitosis. In the nucleolus, unlike in most other parts of the genome, cleavage of cohesion turned out to be insufficient for rDNA segregation [4] . Instead, Cdc14 phosphatase, a multifunctional regulator of mitosis, was found to be required for compacting the rDNA locus and resolving the noncohesin linkages that exist between rDNA sister chromatids and that are thought to result from their vigorous transcription [1-6, 26, 27] . This report introduces the nucleolus-localized protein Tof2 as a novel player in rDNA segregation. Tof2 and Net1 share sequence similarity and the ability to directly bind Cdc14 through an N-terminal domain. Tof2 and Net1, however, differ in their biochemical and cellular functions. Net1 retains Cdc14 in the nucleolus in an inactive form in cell-cycle stages other than anaphase. Tof2, in contrast, enhances the phosphatase activity of Cdc14 in vitro and provides critical support for its biological function, as indicated by the inviability of the temperaturesensitive cdc14-3 strain in the absence of Tof2. Moreover, Tof2 is needed for the timely segregation of the nucleolus and the anaphase-specific relocalization of condensin to this compartment. Both steps are known to require Cdc14 activity [3] [4] [5] [6] . In addition, deletion of the chromosomal rDNA copy restored viability of the cdc14-3 tof2-D double-mutant strain. On the basis of these observations, we suggest that Tof2 supports rDNA segregation by recruiting a certain portion of active Cdc14 phosphatase to the nucleolus during anaphase. This provides a mechanism by which Cdc14 may act on critical target proteins in the immediate vicinity of the rDNA locus.
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